ABSTRACT: Settlement plates of coral rock were moored on the Central Great Barrier Reef in order to evaluate the distribution of competent bivalve larvae and post-settlement growth and survivorship of oysters in different regions. Oysters were chosen because they dominate plates. The regions and sites were outer reef (Myrmidon), central reef (John Brewer), inner reef (Pandora) and an inshore non-reef habitat (Bowling Green Bay). Cross-shelf differences were studied by transferring plates from John Brewer Reef to the other sites with the return of some plates to John Brewer to control transfer effects. Cross-reef and fish predation effects were studied by transferring caged and uncaged plates to the fore reef, reef flat and back reef at John Brewer. Transfer to the back reef also evaluated the effect of Acropora colonies as relative refugia from fish predation and sand flats as an area relatively free of the invertebrate predators associated with coral rubble. There were clear regional settlement differences. Myrmidon Reef had lowest densities (6 2 ind 500cn1-'), high species richness ( l ? of 24 species identified in the project), and low equitabllity dominated by Ostrea foliurn. John Brewer ( l 6 species) had high densities (> 100 ind. 5 0 0 c m -~) and hlgh specles equitability. Pandora Reef had the most species (20) and the highest densities because of a massive settlement of Pinctada maxima, most of which fell off the plates after recovery. Bowling Green Bay had low density (-16 ind. 500cn1-~) and only 13 species, Ostrea angasi being a strong dominant. Average bivalve sizes increased from the outer to the inner reef. The cross-shelf transplant experiments showed strong trends in the growth rate with Myrmidon having the slowest and John Brewer and Pandora having the fastest growth. Growth rates of Plnctada and Ostrea spp. and Crassostrea commercialis differed significantly across the shelf. Ostrea spp. were largest at John Brewer, while Pinctada spp. and most Crassostrea spp. were largest at Pandora. At Bowling Green Bay oysters were smaller than at Pandora. Survivorship of Crassostrea spp. was about the same in all areas, but Pinctada and Ostrea spp. had significantly higher mortality at Bowling Green Bay and Pandora. In the cross-reef experiment immediate fish predation was highest on plates set in sand and lowest on plates under an Acropora thicket and there was much less fish predation at the reef flat and back reef sites. Oysters suffered very large mortalities from predation by invertebrates, especially gastropods, at all sites, but this was reduced for plates over sand substrata.
INTRODUCTION
Most ecologists recognize that recruitment processes a r e t h e most important yet least understood component of community ecology. This is especially true for coral reef communities which have extremely high proportions of planktonic larvae. In general, recruitment patterns a r e influenced by availability of competent larvae, habitat selectivity a n d post-settlement survivorship a n d growth.
A g r e a t d e a l of recent research h a s demonstrated a gradation in physical parameters a n d community structure across the continental shelf in the Central G r e a t Barrier Reef region. Similar broadscale zonal patterns O Inter-Research/Printed in F. R. Germany exist for h a r d corals (Done 1982 , S a m m a r c o 1986), soft corals (Dinesen 1983), s p o n g e s (Wilkinson 1986 ) calcified g r e e n a l g a e (Drew 1983 ), a n d fishes (Williams 1982 , Williams & Hatcher 1983 , Doherty & Williams 1988 . While t h e s e patterns a p p e a r general, it is not clear w h e t h e r t h e zones result from larval availability, habitat selectivity o r post-settlement growth a n d survivorship. Recent fish a n d coral larval research (WilLiams e t al. 1984, Sammarco & A n d r e w s 1988, Wolanski & H a m n e r 1988, Willis & Oliver in press) h a d found important differences in larval transport over several time scales. This emphasizes t h e importance of interreef a n d cross-shelf patterns in larval dispersal. This study attempts to evaluate larval availability a n d growth/survivorship of oysters over the same crossshelf gradient.
The primary objective of this study was to evaluate settlement, growth, and survivorship patterns of oysters across the shelf, independent of possible reef-associated effects. Oysters were chosen because previous work (Sammarco 1983 , Sammarco & Andrews 1988 found that bivalves, especially oysters, had massive settlements on coral plates in open water in the central Great Barrier Reef region. With few exceptions oysters almost completely covered the plates. The only other animals to occur on many of our plates were gastropods and flatworms, both predators on the young oysters. In addition to being available, the planktotrophic larvae are probably in the water about 2wk, thus offering a good compromise between very long-lived (e.g. echinoderms) and short-lived (e.g. tunicates) larvae which should be studied at different spatial scales.
Specifically we tested several general hypotheses regarding: (1) the availability of larvae as estimated by recruitment onto coral plates in 4 distinct cross-shelf regions of the Central Great Barrier Reef; (2) differential post-settlement growth of each species (assuming equivalent settling times); (3) differential growth and s u~v o r s h i p of species on coral plates transplanted from a central shelf to each of the 4 reglons; and (4) differential growth and survivorship of oysters transplanted across a reef within the Great Barrier Reef.
MATERIALS AND METHODS
Study areas and mooring designs. Mooring locations are illustrated in Fig. 1 ; they were placed upstream of prevailing current patterns so as to eliminate the effects of the reefs or reef-associated planktivores on water movement or entrained plankters (Hamner & Hauri 1981 . Post-settlement growth and survivorship was evaluated by transfemng plates with attached fauna from the central reef to other regions. At Myrmidon and John Brewer Reefs they were placed -1 km northeast of the reefs to minimize reef effects on local hydrography and to have the plates 'upstream' of the reefs such that they sampled the outer and midshelf water that impinges on the reef. At each site 2 replicate moorings were set. Inshore, at Pandora Reef, moorings were about 2 km from the reef, about 0.5 km apart, and well away from the plume of the reef. The Bowling Green Bay site was chosen to be near the mouth of the Haughton Rver which we thought might enhance the local productivity, thus maximizing any differential growth rates. The moorings were about 300 m apart. At Myrmidon and John Brewer Reefs they were anchored in 60 and 50m water depth respectively, and 150 to 200m apart. The plates were 15m below the surface. Water depth at Pandora Reef was only 15 m; thus the settling plates there were placet at 12m. At Bowling Green Bay, water depth was 12m, and the settling plates were placed at 8 m .
Plates were cut from natural uncleaned coral heads, mostly from Porites spp. The corals were cut on a rock saw into discs ca 2 cm thick. Their average surface area was 615cm2. They were drilled and attached to galvanized steel racks with stainless steel pins supporting the plates at a 45" angle (Carleton & Sammarco 1987) . A previous study (Sammarco & Andrews 1988) In most instances the only other conspicuous sessile animals on the plates were bryozoans and rare hydroids which had settled on the oysters. The only cases where other recruits may have affected oyster recruitment were 3 plates at Pandora Reef (not analyzed) which had large bryozoa and compound tunicate colonies and most of the plates at Bowling Green Bay which initially had barnacles and later various species of compound tunicates. Plates used to evaluate settlement on each mooring at every location were immediately bagged and frozen. The remaining plates at John Brewer Reef were randomly placed in shaded tanks with running seawater on board the RV 'Lady Basten' for transport to other study sites (which required, at most, 2 d). At each location a minimum of 8 plates from John Brewer Reef were redeployed on the moorings. Selection of plates was randomized. Thus, plates from Brewer Reef were well mixed to prevent the transfer of any possible mooring effects to the translocation experiment. A Brewer-Brewer transfer was included and served as a control for possible handling effects. In addition, a total of 50 plates from the John Brewer moorings were attached to racks, 5 to each rack, 35 cm apart, held at a 45" angle and placed in pairs on John Brewer Reef on the fore-reef slope, mid-reef flat and 3 back reef lagoon sites. One rack from each pair was caged. The cage was a broad metal frame covered with a 1 cm2 nylon mesh, changed at monthly intervals. The fore reef slte was Table 1 . Summary of c 10m deep, but the reef flat site and two of the adjacent back reef sites on a small patch reef were at depths of 5 m. One pair of racks at the back reef was covered with a layer of branching Acropora coral to reduce the predation pressure of large fishes. The third pair was placed on a large nearby sand flat at 9 m depth at least 20m from the closest hard substratum to see whether non-reef associated fishes are effective predators of small oysters; by comparing caged plates on the sand and on the reef we could evaluate the effects of invertebrate predators associated with the coral rubble of the reef. The patch array offered a comparison to the forereef and reef flat sites as well a s comparisons among backreef sites (Table 1) .
All transplant experiments were retrieved between 14 and 17 April 1986. Upon recovery, plates were individually bagged and frozen. In the laboratory the plates were thawed, cleaned of sediment a n d dried a t 50°C. Oyster identification followed Hynd (1955) for Pictada spp. and Thompson (1954) and Dinamani (1971) for species of Ostrea, Crassostrea and Pycnodonte. Voucher specimens were retained and are housed at the Australian Institute of Marine Science.
Sizes of the oysters were measured with calipers. Ostrea and Crassostrea spp. were measured on longest and narrowest axis and size presented as the area of an elhpse. This approach was necessary because the individuals are extremely plastic. For Pinctada spp., hinge length was the most consistent measurement for small specimens (though for larger specimens the dorsoventral measurement may be the most satisfactory; Alagarswami & Chellain 1977). The condition of oysters (dead or alive) on the reef transplant plates was noted. On dead specimens it was also noted whether gastropod drill holes were present. Data analysis. After the initial settlement and survi-?xperimental design val period, mooring effects on total bivalve density (no. per 500 cm2) and the densities of the 10 most abundant bivalve species were tested by l-way nested analysis of variance in which moorings were nested within location. Only data from Myrmidon, Pandora and Bowling Green Bay were used in these analysis as no replicate data were available from the second mooring at Brewer. With the exception of one Bowling Green Bay mooring which had several Patro australis found nowhere else, there were no mooring effects on settlement density and survival of original recruits ( p > 0.05). Density data from both moorings at each location were combined and the differences among the 4 locations was examined by single fixed-factor ANOVA's or by Kruskal-Wallis test in those cases where the variance remained heteroscedastic after transformation (Sokal & Rohlf 1981 , Underwood 1981 . Density of surviving bivalves on transplant control (Brewer-Brewer) and plates transplanted from Brewer Reef moorings to other moorings were compared using l-way fixed-factor ANOVA's. Separate analyses were performed on total density data for each of the 3 most important genera as well as each of the individual species which comprised them. In order to eliminate the effects of post-transplant settlement, the analysis included only individuals larger than 250mm2 for Ostrea spp., 300 mm2 for Crassostrea spp., and 20 mm for Pinctada spp. These sizes were derived from maximum sizes on initial plates. For each of the 4 sampling locations and 2 data sets (initial settlement and transplant data), size frequency distributions were constructed for all species of Ostrea, Crassostrea and Pinctada. For both data sets, size measurements for all species within each of the 3 major genera were then combined and distributions calculated for each genus by sampling location.
All individual replicate data from the 4 sampling locations and 2 treatments (initial and transplant plates) -a total of 77 settling plates -were subjected to a multivariate classification analysis to discriminate associations among the 18 bivalve species encountered during the study. Bray-Curtis similarity coefficients (Bray & Curtis 1957) were calculated between all samples and the 2 most similar samples fused to form a cluster. This process was repeated using Burr's incremental sum of squares strategy (Burr 1970 ). The sample groupings were then subjected to diagnostic techniques which used the algorithms of Abel et al. (1985) to determine which bivalve species contributed most in discriminating among the associations. Brillouin's diversity index (H,,'), being the most appropriate measure for a fully censused community or collection Pielo~? 1975) , along with a measure of eveness (Jbl), were calculated for each group. For the transplant experiments across John Brewer Reef, all individual replicate data from the 5 reef locations (reef front, reef flat, back reef, Acropora, and sand) and the 2 treatments (caged and uncaged) -a total of 50 plates -were also subjected to multivanate classification analysis. As replication was even throughout the experiment the significance of the groupings produced by the hierarchical classification could be tested by the Sandland & Young (19?9a, b) method. However, the fact that the plates on the rack are not independent of each other violates an assumption of this method. Because the method is robust we use it to provide preliminary indications of relationships or patterns but the plates are not true replicates.
RESULTS

Cluster analysis
The cluster analysis on all the mooring data produced ? distinct groups (Fig. 2) . Three of these groups (G2 to G4) contained replicate samples from only one initial recruitment location. The species distribution among these groups is probably indicative of larval availability across the shelf. Two of the remaining groups ( G l , G5) contained plates which had undergone transplantation. Any changes in species associations within these 2 groups from that of the original Brewer plates are most likely due to the effects of the new transplant environment.
Recruitment patterns
The hypothesis that larvae are equally available across the shelf can be evaluated by considering the initial recruitment of oysters on the plates suspended at each of the 4 sampling locations ( Fig. l ; Table 2 ). Groups 2 through 4 produced by the cluster analysis contained only replicate samples collected after the initial recruitment period from Bowling Green Bay, Pandora and Myrmidon respectively. Initial settlement plates from John Brewer Reef clustered with the majority of plates transplanted from John Brewer Reef to the other reefs or back to John Brewer (Fig. 2 , G l ) .
Bowling Green Bay plates lacked several species found at the other locations (Table 2 ). Nine out of 14 plates from this location form a group (Fig. 2, G2) characterized by the dominance of Ostrea angasi (Jbl = 0.1841), a species which occurred only at the 2 nearshore locations. Three of the remaining plates, all from the same mooring, formed another distinct group Fig.2, G6 ). Patro australis occurred only on these plates. Low species equitability, combined with the presence of only 6 species, resulted in the lowest species diversity index of all initial settlement locations (Hb' = 0.1432).
Group 3 (Fig. 2 ) totally comprised settlings plates from Pandora Reef (8 out of 11 replicates). Many of the species which occurred at the offshore reef locations were also found here (Table 2) . This large number of species produced a relatively high diversity index (Hb' = 0.5818). Pinctada maxima settled only on Pandora plates and in high abundances. The recorded values were, however, a gross underestimate of the true abundance of this species due to its poor attachment to the plates. When the racks were recovered, the entire structures were covered with thousands of P. maxima and the plates appeared as black spheres. Unfortunately, as they came out of the water practically all of the P. maxima fell off, even before they could be photographed, much less counted. The densities of P. maxima were calculated from the volume of a sphere, assuming slightly different sphere diameters. The real densities on all but 3 plates ranged from 1 to 7000 P. maxima per 500cm2. The 3 exceptions were plates apparently dominated by bryozoans and compound tunicates. The densities for the other species are probably valid as we saw no evidence that they were lost with the loosely attached P. maxima.
Bivalve densities at Myrmidon (F = 6.2 ind, 500 cm-') were significantly lower than at the other reef locations (Tables 2 and 3) . The densities were so low that the plates were recorded as essentially bare when retrieved. Despite the low settlement densities, the number of species was second only to Pandora ( Table  2) . Eight of the 14 replicate settlement plates from myrmidon clustered together in a distinct group (G4; Fig. 2 ). The species association in this group was dominated by Ostrea folium (Jbl = 0.45) which occurred in densities 1 to 2 orders of magnitude greater than the other species. The remaining Myrmidon plates clustered with 1 plate from each of Pandora and Bowling Green Bay (G5). Bivalve densities on the Myrmidon plates in this group were very low (3 ind. 500cm-'1. This clustering is probably based on joint absence -all they have in common is the absence of most species. Biologically, G5 is an artifact and the 6 Myrmidon replicates could just as well be clumped with the other 8 replicates, and the plates from Pandora and Bowling Green could be retained with their original clusters.
Oyster densities were greater at John Brewer and Pandora Reefs than at Myrmidon Reef and Bowling Green Bay (Table 3) , Recruitment densities for 7 of the oyster species differed significantly among locations. The 3 species which did not significantly differ were relatively rare species. While there is no consistent pattern for the 7 species, neither the ANOVA nor the cluster analysis showed significant mooring effects at a given site and the patterns seem to represent on onshore-offshore gradient.
Summarizing, the initial recruitment was variable, as might be expected in settlement studies, but there were marked trends towards a low density of a diverse assemblage of species on the outer shelf, a high density of many species in the central and inner reef habitats and a low density, low diversity recruitment at the nearshore non-reef habitat.
Effect of transplantation
The cluster analysis suggested that transplanting plates from Brewer to the other locations did not, in the majority of cases, affect the species associations present on those plates. All of the initial Brewer plates, all Brewer controls (plates returned to Brewer), all plates transplanted to Myrmidon, 50 O/O of those transplanted to Bowling Green Bay and 40 O/ O of those transplanted to Pandora clustered together in a distinct group (Cl, Fig. 2 ). The abundances of most species were highest in this group with Pinctada maculata, a species which initially recruited in large numbers on Brewer plates (Table 2) , contributing most to the characterization of this particular bivalve association. This group also had the highest species diversity index of all groups (Hb' = 0.9961) due both to species richness (16 species) and a high evenness component (Jbl = 0.8273). The remaining plates transplanted to Pandora and Bowling Green Bay clustered together with a small number of the initial Bowling Green Bay inshore plates (G? in Fig. 2 ). The species diversity index was also high for this group (Hb' = 0.9439) due again to both species richness (15 species) and even proportioning of individuals anlong species (Jb' = 0.8026). However, species abundances were much lower than in Group 1 (mean density = 50 ind. 5 0 0~m -~) and no one species contributed exceptionally in defining the association. The change in species associations in this group from that found on the initial Brewer Reef plates is probably due to differential mortalities among species. Increased mortality in the more offshore species may account for the substantial drop in bivalve densities between this group and Group 1.
The ANOVA analysis of the density of surviving transplanted oysters is presented in Table 4 . This analysis suggests that the effect of transplant location on the density of surviving bivalves differed for each of the 3 genera. Crassostrea showed no significant difference among transplant locations, Pinctada had significantly higher densities offshore (Brewer and Myrmidon) than inshore (Pandora and Bowling Green Bay), and Ostrea had significantly higher densities at Brewer than at inshore locations. Most of the Pinctada taken to Bowling Green Bay died. The analyses on individual species generally supported these findings. As we have presumably eliminated any new recruits from the transplant analyses by excluding individuals below a set size, these results do indicate different survivorship at the different locations.
Growth data
All the size data for each individual species and each genus has been collated into 2 tables. The basic parameters (sample size, mean, median and mode) a s well as the results from the frequency analyses and mean size analyses are presented in Table 5 for Initial recruits and Table 6 for subsequent transplants.
After the initial recruitment period, in all cases where enough data existed for frequency analyses, there were significant differences in size distributions among locations (Table 5 ). The results from analyses of mean sizes support these findings. Mean sizes of Ostrea and Crassostrea diminished with distance from the mainland; however, Pandora often had larger individuals than the other reef locations. Mean size for Pinctada was significantly greater at Brewer than at the other reef locations.
The mean size of all transplanted Ostrea and Pinc- tada spp, and of Crassostrea commercialis differed significantly among. locations, but the other 2 Crassostrea spp. did not differ (Table 6 ). The largest bivalves were found at either Brewer or Pandora. Ostrea were generally largest at Brewer and smallest at Myrmidon. These differences were always significant. Most Crassostrea and Pinctada spp, were largest at Pandora. Only 2 species, Crassostrea sedea and Pinctada fucata, were larger at Brewer than Pandora but these differences were not significant. In summary, the size distribution of the initial recruits increased from the outer Myrmidon site to the inner Pandora Reef, which in turn had larger mean sizes than Bowling Green Bay. As they relate to relative growth rates these conclusions are based on the untested assumption of comparable settlement dates. This problem is eliminated with the transplant experiment of plates cultured at John Brewer Reef which presumably were composed of similarly sized individuals. The transplant oysters tend to corroborate these patterns as they too show strong trends in which the outer shelf site is marked by the slowest growth rates and Pandora and John Brewer Reefs generally have the highest rates.
Cross-reef experiment
Within l d of transplanting oysters onto Brewer Reef the effects of fish predation on non-caged plates were very noticeable. Of non-caged plates, only those under Acropora appeared unaffected. At the fore-reef, back reef and sand sites, all but the tougher Crassostrea and a few Ostrea had been removed and the plates damaged by fish grazing. The exposed plates on the sand, probably because they were very conspicuous, had the most dramatic l d fish effect. Although the effects of fish predation were much less obvious at the mid-reef location than at the other 3 locations, many of the more vulnerable Pinctada were missing.
After 2 mo on Brewer Reef the effects of first day fish predation were still apparent as caged plates had much higher oyster densities than exposed plates (Figs. 3 and 4 ; Table 7 ). The mid-reef plates which were initially affected little by exposure to fish predation now showed a marked difference in oyster densities between caged and non-caged plates. One group distinctly different from the others was formed by all caged plates from the fore-reef and sand locations, 80 O/O of the caged plates from the mid-reef location and 60% of the caged plates from the back reef location (G1 in Fig. 3 ; Sandland & Young 1979a,b) . This group contained the most species (15) and had the highest oyster density (81.8 ind. 5 0 0~m -~) of all groups produced by the cluster analysis. Crassostrea tuberculata was present in especially high densities. Fig. 3 . Dendrogram from classification analysis of all replicate uncaged and caged plates from the fore-, m~d -and back-reef locations and, from the sand area and Acropora treatment ( N = 4 0 ) , for the 18 bivalve species encountered during the study. G1: all caged plates on fore-reef and sand locations, 80 % caged plates from mid-reef, and 60 % caged plates from the back-reef. G2: non-caged and 2 0 % caged plates from mid-reef. G3. caged and non-caged plates from under Acropora, and 8 0 % non-caged front reef plates. G 4 : non-caged plates from back reef and sand locations Group 2 included all the non-caged and 20 % of the caged mid-reef plates. It was associated with Group 1 and had the next highest density (48.9 ind. 5 0 0~m -~) and number of species (13). The fact that these oysters fared well relative to Groups 3 and 4 supports the initial observation that the mid-reef site had less fish predation.
CROSS-REEF TRANSPLANTS
Branching Acropora may provide habitat refuges for oysters by successfully excluding large predatory fish in a manner similar to cages. The lack of fish predation on non-caged plates under the Acropora compared to the back reef and sand habitats was evident after only 24 h. After 2mo all plates, regardless of treatment (caged and non-caged), were covered with similar species associations and clustered together in the one group (G3 in Fig. 3 ). Similar oyster assemblages in both treatments indicates similar mortality pressures, again suggesting successful exclusion of large predators by the branching Acropora. However, this group also contained 4 out of 5 non-caged plates from the reef front, had a mean density (31.2 ind. 5 0 0 c m -~) , less than that of plates from which fish predators had artificially been excluded (G1 in Fig.3 ) and poor survivorship (Table 7 ; Fig.4) . Generally, caged plates had higher densities of survivors; however, the densities of all the Ostrea species and 50% of the Crassostrea species were lower on the caged plates from under the Acro- pora thicket than on those not caged. As expected from Finally, Group 4 represents the non-caged plates their apparency and relative vulnerability to fish, this from the back reef and sand locations. These plates had was not the case for the Pinctada species for which the lowest mean density of 14.5 ind. 5 0 0 c m -~. This densities were always higher on the caged plates.
represents the most intense fish predation observed Density of survivors was generally lowest on nonafter l d and these plates were subsequently subject to caged plates from these 2 locations. intense fish predation. The cage experiments thus suggest that fish predation is a general and important source of mortality for young oysters. However, it is not the only source because a large proportion of dead oysters from all locations had been drilled by gastropods, and others were observed being killed by flatworms (Fig. 5) . This Fig. 5 . Percent mortality and proportion drilled of recovered oysters from the cross reef experiment. These data do not show mortality which resulted In loss of valves (such as from fish or crabs). Because the top valves were often drilled but lost, it underestimates mortality from crabs and gastropods was especially true on the cross-reef experiments where the plates were placed on the substratum, but it was even true for plates on the off-reef moorings where some mortality was observed from gastropods and flatworms which had settled with the bivalves. Our most direct means of testing the importance of benthic invertebrate predation on young oysters was the racks of plates placed on the sand where snails, flatworms and other benthic predators associated with the rubble did not occur. The uncaged plates on sand were however conspicuous to fish and most of their oysters were quickly killed. The density and proportion of live bivalves was highest on the caged plates from the sand area and lowest in plates from the reef front and Acropora thicket locations ( Table 7 ; Figs. 4 and 5) . The proportion of drilled shells was lowest on the caged plates from the sand area and the non-drilled mortality here seemed to be from flatworms. Of the Ostrea spp., 0 . folium appeared to be the most robust; of the Crassostrea spp., both C, echinata and C. tuberd a t a consistently had the highest s u~v o r s h i p .
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The survivorship data for Pinctada spp. (Fig.4) are compromised because dead individuals fell off the plates. Thus Groups 3 and 4 were lumped together (Fig. 3) by intense predation -by fish on Group 4 and invertebrates on Group 3 under the Acropora.
One interesting observation in this study is that the 3 main genera have different Life history patterns. Ostrea spp. have thin shells and, when young, seem particularly vulnerable to predation, but some individuals of each species were observed to be brooding welldeveloped eggs within the 2mo maximum time between settlement and collection. Crassostrea spp, did not appear to have well developed gonads, and their age of maturation is presumably greater than Ostrea spp. At this time the Pinctada valves had not even attached to the substratum and casual observations of older individuals on various reefs suggested that they are considerably older before becoming reproductive. Thus the 3 genera appear to have different life history patterns which merit study.
DISCUSSION
The scale of resolution may be the single most important component of an ecological research program because it predetermines the questions, the procedures, the observations and the results. In fact, much of the structure of almost all ecological communities is a 'shadow' of past disturbance and/or recruitment events; this is especially true in coastal marine systems in which most of the contributing species are characterized by variable mortality and episodic recruitment. These species often have long-lived individuals and slowly declining populations, with episodic recruitment pulses producing long-term spatial and temporal patterns (Dayton 1984) . The importance of episodic recruitment is well recognized for pelagic fisheries where research often focuses on large (1000's of km) and mesoscale (100's of km) oceanic patterns, and it has been an issue of continuing importance in the coral reef fish literature (Doherty & Williams 1988) . Interest-ingly, despite an early recognition of its importance to sessile or sedentary species (Thorson 1946 , Coe 1956 ), only recently have benthic researchers returned to this problen~. Probably in almost all cases where an adequate time series exists, one finds that there are important annual fluctuations in recruitment; this is true even for barnacles (Connell 1985) . Finally, these details, often initially unknown, determine the proper scale of study.
Study of this important phenomenon has been difficult because both spatial and temporal recruitment are influenced by multiple biological and physical factors representing several scales. For example, for demersal or sessile species with planktonic larvae, the availability of the larvae usually involves large-scale dispersal (Parrish et al. 1981 , Dayton & Tegner 1984 , Power 1984 , Williams et al. 1984 , while settlement patterns involve microscale transport and behavior often dealing with boundary layers (Butman 1987) , chemical clues (Crisp 1955) , microtopography (Wethey 1986 , Carleton & Sammarco 1987 and even predation or mortality from pre-existing individuals. Once the larvae are settled, there are various survivorship patterns over several time scales resulting from competitive and/or predatory pressures (Peterson 1982) . Finally, all these patterns are complicated by various rates of site-specific growth and fecundity which are unpredictable over long-term temporal scales making this a very difficult problem to study with long-lived organisms. One alternative to a long-term study is to increase spatial scale in the hope that a large-scale short-term study may uncover the mechanisms causing long-term variability. In addition there are apparent cross-shelf differences in populations of established corals (Done 1982) , soft corals (Dinesen 1983), sponges (Wilkinson 1986) , calcified green algae (Drew 1983) , and fishes (Williams 1982) . It is of interest to know whether these regional differences result from larval dispersal and/or differences in the water itself in addition to in situ reef differences. This study evaluates patterns of settlement, s u~v o r s h i p and growth of oysters in 4 cross-shelf regions of the Central Great Barrier Reef. The fundamental objective was to elucidate which scales are most appropriate to the study of recruitment of invertebrates with pelagic larvae.
Settlement patterns
There were clear regional differences between the recruitment observed on the plates. The plates at Myrmidon Reef on the outer shelf had by far the lowest densities, and these were dominated by Ostrea folium which was almost an order of magnitude more abundant than any other species. Despite the low density and strong dominance, there was a remarkably high species richness ( l ? species of the 24 bivalve species differentiated in the study) at the outer shelf site. The mid-shelf John Brewer Reef had 16 of the 24 species differentiated in this study and the greatest equitability. Furthermore, with the exception of a n anomalous settlement of one species a t Pandora Reef, John Brewer Reef had the highest densities. The inshore Pandora Reef plates had a speciose (20/24 bivalve species), relatively dense and equitable recruitment, but were subsequently inundated by a massive settlement of Pinctada maxima, most of which fell off the plates before they could b e recovered. All of the P. maxima were almost identical in size, suggesting that this episodic settlement was almost instantaneous. This implies that competent larvae arrived in a species swarm with a diameter e 0.5 km -the minimum mooring separation at that site. Finally, the coastal non-reef Bowling Green Bay plates had 13/24 species but were strongly dominated (an order of magnitude higher than the next most dense) by Ostrea angasi, a n apparent specialist found almost exclusively at Bowling Green Bay. The bivalve densities at Bowling Green Bay were relatively low, but the plates at this site were also heavily encrusted with several unidentified species of compound ascidians a n d stinging hydroids and it is possible that these organisms interfered with the settlement of bivalve larvae.
Summarizing, each of the 4 regions had a characteristic association of bivalves. The outershelf Myrmidon plates were apparently exposed to a relatively very low abundance of larvae of many species of which there was a strong dominant, Ostrea folium. Excepting the episodic settlement of Pinctada maxima at Pandora, the midshelf Brewer Reef was characterized by the highest densities of a speciose collection of bivalves. The inshore Pandora Reef was similar to Brewer but had more species and lower densities, and the coastal Bowling Green Bay plates had a low density and diversity and a strong dominance of Ostrea angasi.
Growth and survival
The sizes of the bivalves at the time of the recovery of the plates show a clear increase in mean size from the outer shore to the nearshore Pandora Reef. The assumption that the growth rates are reflected by the mean size assumes that, in general, the larvae settled a t approximately the same time; w e cannot test this important assumption. If it is true, the growth trend parallels the apparent gradient in primary production (Revelante & Gilmartin 1982) .
The structure of many benthic communities is often thought to b e maintained by post settlement survivor-ship (Paine 1980) , although there is a growing appreciation of the importance of an earlier focus on recruitment events (Thorson 1966) . The characteristic structure of the Brewer plates which were transplanted to other areas was maintained (Fig. 2 ) despite sometimes being in very different habitats. At the level of resolution of the cluster analysis, this suggests that these bivalve assemblages area determined more by recruitment events than by subsequent survivorship patterns. This seems to be in agreement with an emerging generalization of coral (Sammarco 1983 ) and also of reef fish studies (Mapstone & Fowler 1988) . Even our observation of a heavy synchronous settlement of Pinctada maxima is reminiscent of the observation of Victor (1986) and Williams (pers, comm.) that several species of fish settle synchronously over remarkable distances. However, the more specific ANOVA analysis did show species and generic level trends (Table 4) , especially for Pinctada and Ostrea spp. which had significantly higher mortality at the 2 inshore stations.
The growth patterns of the transplanted bivalves were interesting. The mean size of all Ostrea and Pinctada spp. and of Crassostrea commercjalis differed significantly among all locations. Myrmidon Reef tended to have the lowest growth rates with Ostrea spp, being largest at John Brewer Reef. But most Crassostrea and Pinctada spp. were largest at Pandora Reef. Bowling Green Bay had low survival and low growth rates. While the gradient of productivity is usually considered to be higher inshore, data are rare and sometimes equivocal (Revelante & Gilmartin 1982) , and the strength of this assumption often may rest on the dramatic contrast in water clarity (low in Bowling Green Bay and exceptionally high at Myrmidon) rather than real measurements of productivity. Despite these patterns in water clarity, nutrients and productivity can be very low at nearshore stations (J. A. Hansen pers. comm.), and furthermore the nearshore productivity is driven by the outflow of local rivers which respond to rainfall (Sammarco & Crenshaw 1984) . There may be years between flooding episodes during which time coastal waters may be nutrient starved. Similarly, the productivity regimes of central and offshore areas are affected by different physical processes (Williams et al. 1984) . Our data corroborate the conclusion of Williams et al. and suggest that the inshore Bowling Green Bay is a very different regime representing suboptimal conditions for these oysters.
Logistic restraints did not allow adequate replication of the cross reef fish predation study, but results of these preliminary transplant experiments suggest interesting within-reef differences in the intensity of fish predation. Predation appears to be relatively low at the reef flat site, in agreement with the observations of Russ (1984a, b) . Perhaps the most important lesson from the cross-reef experiment is the importance of predation by benthic invertebrates. That is, we fully expected fish predation to be important as it certainly is, but the study has further shown that young bivalves are also exposed to extremely strong predation pressure from gastropods, flatworms, octopus and crabs. This was demonstrated by the transplants onto the sand habitat which had much higher survivorship when protected from fish, but even here many of these oysters were hlled by invertebrates which apparently settled as larvae with the bivalves. The Acropora experiment suggests that fish may also impact some of these benthic invertebrate predators. Under the Acropora the caged and open plates had approximately equal but low survivorship which was similar to that of the back reef uncaged plate exposed to fish predation. One explanation is that the fish predation on back reef uncaged plates was approximately replaced by invertebrate predation under Acropora where these predators may have increased with their reduced fish predation. The higher survivorship under the back reef cage may reflect both fish exclusion and a general reduction of benthic invertebrates as compared with the Acropora thicket. This interplay between guilds of predators deserves research.
Caveats
The main thrust of this project was to evaluate regional cross-shelf differences in a plankton environment. In addition, preliminary work addressed differences over a single reef. It is not a community study and no attempt was made to relate the observations with the natural history of adult bivalves on the reefs. These bivalves appear relatively rare and they are very cryptic. In nature their settlement and survivorship would be very different from that observed on plates, and a proper study of bivalves on coral reefs would be fascinating but very difficult. Our objective here was to describe regional differences for representative planktonic larvae with regard to their dispersal, and subsequent to their settlement, their growth and survivorship. In general there are marked differences between each of the outer, mid and inner shelf reefs and the coastal non-reef Bowling Green Bay site.
This project was restricted in space (only one reef or site per cross-shelf zone) and time (only one year), but the results do parallel those of the more intensively studied reef fishes (Doherty & Williams 1988 ) and corals (Sammarco & Andrews 1988) . In addition to the many potential problems associated with restricted spatial and temporal scales, one important artifact of studies such as this is that the recruitment was on plates held away from natural reefs. This was done deliberately b e c a u s e w e w a n t e d to s t u d y regional differences i n larval availability not i m p a c t e d b y reefassociated planktivores; nevertheless, t h e interpretation of s u c h d a t a m u s t recognize t h a t s u c h 'off-reef' recruitment patterns a r e from larvae w h i c h h a v e not b e e n e x p o s e d to t h e 'wall of mouths' of reef-associated planktivorous predators ( H a m n e r e t al. 1988). Bivalve larvae a r e small a n d m a y o r m a y n o t e s c a p e s u c h predators, but this issue is not a d d r e s s e d in this p a p e r . Given t h e observed variation in recruitment a n d t h e relatively h i g h mortality to t h e oysters transplanted to J o h n Brewer Reef, i t is very clear t h a t in a n y natural situation s u c h bivalve populations a r e r e g u l a t e d b y both recruitment a n d post-settlement mortality. This implies t h a t t h e s e types of reef populations will b e very difficult to m o d e l ( W a r n e r & H u g h e s i n press).
